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Abstract 
A new soil remediation was proposed for washing fine-grained soils contaminated with heavy 
metals. This method is based on freeze-thaw and ion-exchange effects. In order to study the 
applicability of the new method, a series of experiments were conducted. The test result showed 
that combined method of freeze-thaw and ion exchange reaction is effective to remove 
potassium from Kizuchi clay. However, it was indicated that the greater concentration of 
ammonium acetate deteriorated frost heave and as a consequence washing efficiency was also 
lowered. It was considered that freezing condition and water supply method might be also 
important for the soil washing method. 
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⾲ 1 䛻ᐇ㦂᮲௳䜢♧䛩䚹ᐇ㦂䛻⏝䛔䜛Ὑίᾮ䛻䛿 0.1䚸0.37mol/L 䛻ᕼ㔘䛧䛯㓑㓟䜰䞁䝰䝙䜴䝮⁐ᾮ
䠄CH3COONH4䠅䛸䜲䜸䞁஺᥮Ỉ䛸䛾Ὑίຠᯝ䛾ẚ㍑䜢⾜䛔䚸෾⤖⼥ゎ⧞䜚㏉䛧ຠᯝ䛻䛴䛔䛶䛿 n = 1ᅇ䚸
3ᅇ䛸 5ᅇ䠄R1-1䚸R3-1䚸R5-1䠅䛾ẚ㍑䜢⾜䛳䛯䚹 
ᅗ 2 䛻 1 䝃䜲䜽䝹䛾 ᗘኚ໬䜢♧䛩䚹୧㠃䝷䞁䝥ᘧ෾⤖䛸䛿౪ヨయ䛾୧➃䛻ᡤᐃ䛾 ᗘᕪ䜢ಖ䛱 
ᗘ໙㓄䜢୚䛘䚸୧➃㠃䛻୍ᐃ䛾෭༷㏿ᗘ䜢୚䛘䛯෾⤖᪉ἲ䛷䛒䜛䚹୍᪉䛾䝇䝔䝑䝥ᘧ෾⤖䛿୧➃䛻ᡤ
ᐃ䛾 ᗘᕪ䜢ಖ䛱䚸 ᗘ䜢୍ᐃ䛻䛧䛶෾⤖䛩䜛᪉ἲ䛷䛒䜛䚹෾⤖᪉ἲ䛾ᙳ㡪䛻䛴䛔䛶䛿୧㠃䝷䞁䝥ᘧ
䠄R3-1䠅䛸䝇䝔䝑䝥ᘧ䠄RS3-1䠅䛾ẚ㍑䚸R3䠄G= 1.0䉝/cm䠅䛸 RL3䠄G= 2.0䉝/cm䠅䛾ẚ㍑䜢⾜䛳䛯䚹ึᮇᐦᗘ
䛚䜘䜃ᐇ㦂Ⲵ㔜䛾ຠᯝ䛻䛴䛔䛶䛿 RL3䠄ึᮇᐦᗘ䃠t = 1.82g/m3䚸ᐇ㦂Ⲵ㔜 P=50kN/m2䠅䛸 RLL3䠄ึᮇ
ᐦᗘ䃠t = 1.76g/m3䚸ᐇ㦂Ⲵ㔜 P=20kN/m2䠅䛾ẚ㍑䜢䚸ὙίỈ䛾⃰ᗘ䛾ຠᯝ䛷䛿 R3-1䠄ὙίỈ⃰ᗘ
0.37mol/L䠅䛸 RLL3-1䠄ὙίỈ⃰ᗘ 0.1mol/L䠅䛾ẚ㍑䜢⾜䛳䛯䚹 
⤥Ỉ᪉ἲ䛾ຠᯝ䜢☜ㄆ䛩䜛䛯䜑䛻 RLL5-1䛾ὙίỈ䛾⤥Ỉ᪉ἲ䜢 1ᅇ┠䛻㓑㓟䜰䞁䝰䝙䜴䝮䜢 2䡚5
⧞䜚㏉䛧ᅇᩘ ෭༷㏿ᗘ  ᗘ໙㓄 ணᅽᐦ䠈ᐇ㦂Ⲵ㔜
n dT/dt G P䠈p
䠄ᅇ䠅 (䉝/h) (䉝/cm) 䠄kN/m2䠅
R1-1 㓑㓟䜰䞁䝰䝙䜴䝮 0.37 1
R1-2 䜲䜸䞁஺᥮Ỉ 0 0
⧞䜚㏉䛧 R3-1 㓑㓟䜰䞁䝰䝙䜴䝮 0.37 3
෾⤖⼥ゎ R3-2 䜲䜸䞁஺᥮Ỉ 0 0
R5-1 㓑㓟䜰䞁䝰䝙䜴䝮 0.37 5
R5-2 䜲䜸䞁஺᥮Ỉ 0 0
RS3-1 㓑㓟䜰䞁䝰䝙䜴䝮 0.37 3
RS3-2 䜲䜸䞁஺᥮Ỉ 0 0
RL3-1 㓑㓟䜰䞁䝰䝙䜴䝮 0.37 3
RL3-2 䜲䜸䞁஺᥮Ỉ 0 0
Ⲵ㔜᮲௳ RLL3-1 㓑㓟䜰䞁䝰䝙䜴䝮 0.1 3
ὙίỈ䛾⃰ᗘ RLL3-2 䜲䜸䞁஺᥮Ỉ 0 0
RLL5-1 㓑㓟䜰䞁䝰䝙䜴䝮 0.37 1䠄1ᅇ┠䠅
RLL5-2 㓑㓟䜰䞁䝰䝙䜴䝮 0.37 2䠄1䠈4ᅇ┠䠅
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ᅗ 3䛻 R5䛾ᅇᩘ䛤䛸䛾⤥᤼Ỉ㔞䛸᤼Ỉ୰䛻ྵ䜎䜜䜛 K⃰ᗘ䛾㛵ಀ䜢♧䛩䚹 
R5-1䠄0.37mol/L䠅䛿 1ᅇ┠䛾⤥Ỉ㔞䛿 59.1g䛷䚸ᅇᩘ䜢㔜䛽䜛䛤䛸䛻ῶᑡ䛧䛶 5 ᅇ┠䛷䛿 16.8g䛷䛒
䛳䛯䚹᤼Ỉ㔞䛿 1 ᅇ┠䛷䛿 88.0g䚸5ᅇ┠䛷䛿 18.7g 䛸ῶᑡ䛧䛯䚹᤼Ỉ୰䛻ྵ䜎䜜䜛 K⃰ᗘ䛿 1ᅇ┠䛻
6.2mg/L䛷ᅇᩘ䛤䛸䛻ୖ᪼䛧䛶 5ᅇ┠䛷䛿 19.6mg/L 䛸䛺䛳䛯䚹୍᪉䛾 R5-2䠄0mol/L䠅䛷䛿⤥Ỉ㔞䛜 1ᅇ
┠䛷䛿 68.5g 䛸䛺䜚䚸ᅇᩘ䛤䛸䛻ቑຍ䛧䛶 5ᅇ┠䛷䛿 100.1g 䛸䛺䛳䛯䚹䜎䛯䚸᤼Ỉ㔞䛿 1ᅇ┠䛜 105.5g䚸
5ᅇ┠䛿 100.0g 䛸ኚ໬䛜ᑡ䛺䛛䛳䛯䚹᤼Ỉ୰䛾 K⃰ᗘ䛿 5.6mg/L䛛䜙 7.2䡉䡃/L 䛸኱䛝䛺ኚ໬䛿ぢ䜙䜜
䛺䛛䛳䛯䚹䛣䛾䜘䛖䛻䚸R5-1䛷䛿⤥᤼Ỉ㔞䛸䜒䛻ῶᑡ䛧䚸᤼Ỉ୰䛾 K⃰ᗘ䛿ୖ᪼䛧䛶 R5-2䛷䛿⤥᤼Ỉ㔞
䛸 K⃰ᗘ䛻኱䛝䛺ኚ໬䛿ぢ䜙䜜䛺䛔⤖ᯝ䛸䛺䛳䛯䚹 
௒ᅇ䛾 K 䛾᤼ฟ㔞䛿ᅇᩘ䛤䛸䛾᤼Ỉ୰䛾 K ⃰ᗘ䛛䜙᤼Ỉ㔞䜢஌䛨䛶ồ䜑䛯䚹R5-1 䛷䛿᤼Ỉ୰䛾 K
⃰ᗘ䛿㧗䛔䛜᤼Ỉ㔞䛜ప䛔䛯䜑 K䛾᤼ฟ㔞䛿 2.0mg 䛸䛺䜚䚸R5-2䛾 3.7mg 䛸ẚ䜉ᑡ䛺䛛䛳䛯䚹 
 
ᅗ 3 R5ࡢ⤥᤼Ỉ㔞࡜᤼Ỉ୰ࡢ K⃰ᗘ 㻌 ᅗ 4 R5ࡢ Kྵ᭷㔞 㻌
 ᅇ┠ 㻌  ᅇ┠ 㻌
ᅗ 5 R5-1㸦ὙίỈ㸸㓑㓟࢔ࣥࣔࢽ࣒࢘㸧㻌
 ᅇ┠ 㻌  ᅇ┠ 㻌
ᅗ 6 R5-1㸦ὙίỈ㸸࢖࢜ࣥ஺᥮Ỉ㸧㻌
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䜲䝇䝺䞁䝈䛜䛿䛳䛝䜚䛸☜ㄆ䛷䛝䛯䚹ᅗ 7 䛻 R5 䛾෾ୖ







㻌 ᅗ 8 䛻⧞䜚㏉䛧෾⤖⼥ゎ䛾ᙳ㡪䠄R1-1䚸R3-1䚸R5-1䠅䜢♧䛩䚹௒ᅇ䛿ᐇ㦂๓䛻᥇ྲྀ䛧䛯ྛヨᩱᅵ䛾 K
ྵ᭷㔞䛾ᖹᆒ䜢ึᮇ್䛸䛧䚸䛭䛾್䛿 0.172mg/g 䛷䛒䛳䛯䚹4.5cm ௜㏆䛾 K ྵ᭷㔞䛿 R1-1 䛷䛿
0.148mg/g䛷䚸R3-1䛿 0.098mg/g䚸R5-1䛷䛿 0.097mg/g䛸䛺䜚䚸෾⤖⼥ゎ䛾ᅇᩘ䜢ቑຍ䛥䛫䜛䛸ୖ㒊䛷䛾
Kྵ᭷㔞䜢ῶ䜙䛩䛣䛸䛜䛷䛝䛯䚹䜎䛯䚸K䛜᭱䜒⁀䜎䛳䛯⟠ᡤ䛜 R1-1䛷䛿 3.5cm௜㏆䚸R3-1䛷䛿 2.5cm
௜㏆䚸R5-1 䛷䛿 1.5cm ௜㏆䛸ᅇᩘ䜢ቑຍ䛥䛫䜛䛣䛸䛷䚸ศ㞳䛧䛯 K 䜢᤼ฟഃ䜈⛣ື䛥䛫䜛䛣䛸䛜ྍ⬟䛷
䛒䛳䛯䚹䛧䛛䛧䚸R5-1䛷䜒ྵ᭷㔞䛾ᅗ䛛䜙䜒᫂ⓑ䛺䜘䛖䛻ศ㞳䛥䛫䛯K䜢༑ศ䛻᤼ฟ䛥䛫䜛䛣䛸䛿䛷䛝䛺䛛
䛳䛯䚹䛭䛾せᅉ䛸䛧䛶ᐇ㦂ᚋ䛾㛫㝽ẚ䛜ᐇ㦂๓䛸ẚ㍑䛩䜛䛸 1.112 䛛䜙 0.878 䜎䛷పୗ䛧䛶䛚䜚䚸㐣ᅽᐦ
䛸䛺䜚㛫㝽䛜⊃䛟䛺䛳䛯䛣䛸䛷㏱Ỉᛶ䛜పୗ䛧䚸K䛾⛣ື䛜ᅔ㞴䛸⪃䛘䜙䜜䜛䚹 
෾⤖᪉ἲࡢᙳ㡪
㻌 ᅗ 9䛻 R3-1䚸RS3-1䚸RL3-1䛾 1ᅇ┠䛾෾⤖᫬䛾෗┿䜢♧䛩䚹୧㠃䝷䞁䝥ᘧ䛾 R3-1䛿ᗄᒙ䛻䜒䜰䜲䝇
䝺䞁䝈䛜Ⓨ⏕䛧䛶䛔䜛䚹୍᪉䚸䝇䝔䝑䝥ᘧ䛾 RS3-1䛷䛿 2ᒙ䛾ཌ䛔䜰䜲䝇䝺䞁䝈䛜Ⓨ⏕䛧䛶䛔䜛䚹䜎䛯䚸 




















RL3-1 ࡛ࡣ 1 ᅇ┠ࡢ⤥᤼Ỉ㔞ࡣ௚࡜ẚ࡭࡚㧗࠿
ࡗࡓࡀ 2ࠊ3ᅇ┠࡟ࡣ኱ࡁࡃῶᑡࡋࡓࠋ᤼Ỉ୰ࡢ
K ࡣ 2ࠊ3 ᅇ┠࡛኱ࡁࡃቑຍࡋ K ࡢ⥲᤼ฟ㔞ࡶ
2.2mg࡜࡞ࡾ R3-1ࡢ 1.3mg࡜ẚ㍑ࡋ࡚ࡶቑຍࡋ
ࡓࠋࡲࡓࠊKྵ᭷㔞ࡶୖ㒊࡛ࡣ 0.062mg/g࡜ึᮇ



















ᅗ 12 ෾⤖᪉ἲ࡟ࡼࡿ Kྵ᭷㔞ࡢẚ㍑㻌
ᅗ 13 㻌 RLL3-1ࡢ 1ᅇ┠࡜ 3ᅇ┠ࡢ෾⤖᫬㻌
 ᅇ┠ 㻌  ᅇ┠ 
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ᅗ 14࡟⤥Ỉ᪉ἲ࡟ࡼࡿ⤥᤼Ỉ㔞࡜᤼Ỉ୰ࡢ K⃰ᗘࢆ♧ࡍࠋ⤥᤼Ỉ㔞ࡣ RLL5-1࡛ࡣ 3ᅇ┠ࡲ࡛
ࡣῶᑡഴྥ࡟࠶ࡗࡓࡀࠊ⤥Ỉ㔞ࡣ 4ᅇ┠࡟ࠊ᤼Ỉ㔞ࡣ 5ᅇ┠࡟ቑຍഴྥ࡟࠶ࡗࡓࠋ୍᪉ࡢ RLL5-
2 ࡣ௚ࡢࢣ࣮ࢫྠᵝ࡟⤥᤼Ỉ㔞࡜ࡶ࡟ῶᑡࡋࡓࠋ᤼Ỉ୰ࡢ K ࡣ RLL5-1 ࡢ 5 ᅇ┠࡛ 47.5mg/gࠊ
RLL5-2ࡢ 5ᅇ┠࡛ 50.1mg/g࡜ࡇࢀࡲ࡛࡜ẚ㍑ࡍࡿ࡜ 2ಸ௨ୖ㧗࠸್࡜࡞ࡗࡓࠋ⥲᤼ฟ㔞ࡣ RLL5-
1࡛ 9.2mgࠊRLL5-2࡛ 7.5mg࡜࡞ࡗࡓࠋ 
ᅗ 15࡟⤥Ỉ᪉ἲ࡟ࡼࡿ Kྵ᭷㔞ࡢẚ㍑ࢆ♧ࡍࠋKྵ᭷㔞ࡣୖ㒊࡛ࡣ኱ࡁࡃῶᑡࡋ࡚ࠊRLL5-1
࡛ 0.082mg/gࠊRLL5-2࡛ 0.062mg/g࡜࡞ࡗࡓࠋ㓑㓟࢔ࣥࣔࢽ࣒࢘ࡢ⤥Ỉ࡛ࡶ༑ศ࡟ Kࢆศ㞳ࡍࡿ
ࡇ࡜ࡣྍ⬟࡛࠶ࡗࡓࠋ 
ᅗ 14 ⤥Ỉ᪉ἲ࡟ࡼࡿ⤥᤼Ỉ㔞ࡢẚ㍑㻌
ᅗ 15 ⤥Ỉ᪉ἲ࡟ࡼࡿ Kྵ᭷㔞ࡢẚ㍑㻌
ᅗ 16 ྛࢩ࣮ࣜࢬࡢὙί⋡ࡢẚ㍑㻌
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 ᅗ 16࡟Ὑί⋡ࡢẚ㍑ࢆ♧ࡍࠋὙί⋡ࡣ 5ศ๭ࡋࡓ౪ヨయࡢ㝖ཤࡉࢀࡓ Kࢆึᮇ Kྵ᭷㔞ࢆ㝖
ࡋ࡚ồࡵࡓࠋR1-1ࡣὙίຠᯝࡀప࠸ࡀࠊR3-1ࠊR5-1࡜෾⤖⼥ゎࢆ⧞ࡾ㏉ࡍ࡜Ὑίຠᯝࡶቑຍࡋࡓࠋ
Ὑί⋡ࡣ R3-1࡛ 6.0%ࠊRL3-1࡛ 9.4%ࠊRLL3-1࡛ࡣ 3.6%࡛࠶ࡗࡓࠋ ᗘ໙㓄ࢆ኱ࡁࡃࡋ࡚෾ୖ
స⏝ࢆᙉࡃࡍࡿࡇ࡜ࡀຠᯝⓗ࡛࠶ࡗࡓࠋ㓑㓟࢔ࣥࣔࢽ࣒࢘ࡢ⃰ᗘࢆⷧࡃࡋࡓࡇ࡜࡛⤥᤼Ỉ㔞ࡣୖ
᪼ࡋࡓࡶࡢࡢὙί⋡ࡣ௚ࡢࢣ࣮ࢫ࡟ẚ࡭ῶᑡࡋࡓࠋ௒ᅇࡢᐇ㦂᮲௳࡛᭱㧗ࡢὙί⋡ࡣ 1 ᅇ┠࡟㓑
㓟࢔ࣥࣔࢽ࣒࢘ࢆ 2㹼5ᅇ┠࡟࢖࢜ࣥ஺᥮Ỉࢆ⤥Ỉࡉࡏࡓ RLL5-1ࡢ 20.1%࡛ࠊḟ࠸࡛ RLL5-2ࡢ
12.1㸣࡛࠶ࡗࡓࠋ௚ࡣ඲࡚ 10%௨ୗ࡜࡞ࡗࡓࠋ㓑㓟࢔ࣥࣔࢽ࣒࢘ࡢ⤥Ỉࢆ 2ᅇ⾜ࡗࡓ RLL5-2ࡀୖ
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